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Tuning Optoelectronic Properties of Ambipolar Organic
Light-Emitting Transistors Using a Bulk-Heterojunction
Approach**
ByMaria Antonietta Loi,* Constance Rost-Bietsch,Mauro Murgia, Siegfried Karg,Walter Riess, and
Michele Muccini
1. Introduction
In the past decades, the development of organic-material-
based devices, such as light-emitting diodes (LEDs),[1,2] solar
cells,[3,4] electrochemical cells,[5] organic memories,[6,7] and
field-effect transistors (FETs)[8–11] was driven by the great
advancements made in organic materials science. The perfor-
mance of organic LEDs has been advanced to such an extent
that they can be driven by amorphous-silicon thin-film-transis-
tor backplanes in active-matrix displays.[12] The mobility of or-
ganic FETs is now comparable to that of amorphous-silicon
FETs (about 1 cm2V–1 s–1). Consequently, organic FETs can
now be developed as switching devices for active-matrix LED
displays,[13] low-cost, large-area flexible microelectronics,[14–16]
and hybrid electronics.[12] The combination in a single device of
two functionalities, such as electrical switching and light emis-
sion, increases the number of applications of organic semicon-
ductors and is a step towards realizing the idea of completely
integrated organic optoelectronics.[11]
Recently, the production of light-emitting FETs (LETs) with
unipolar electrical characteristics (p-type transport) based on
molecular semiconductors[17,18] and polymers[19,20] was report-
ed. Ambipolar charge transport is a desirable property for or-
ganic semiconductors as it enables the fabrication of comple-
mentary logic circuits such as CMOS (CMOS: complementary
metal oxide semiconductor) transistors with a single active
layer.[21,22] Moreover, ambipolar conduction is crucial in LETs
for maximizing exciton recombination through electron–hole
balancing, as well as for adjusting the position of the recombi-
nation region in the channel by tuning the gate voltage.[23]
From a theoretical viewpoint, pure organic semiconductors
should support both electron and hole conduction equally.[24]
In practice, organic semiconductors favor unipolar charge
transport, and the majority of them are p-type.[25] Only few am-
bipolar organic materials are known, and their mobilities do
not exceed 10–4 to 10–5 cm2V–1 s–1.[22,26] Their limited number
and moderate mobility stimulated the search for alternative ap-
proaches to achieving ambipolar transport in FETs.[27–29] As an
approach of general importance for organic semiconductors,
the formation of bulk heterojunctions was demonstrated to be
a viable way to fabricate LEDs[30,31] and solar cells.[3,32] Bulk
heterojunctions of solution-processed blends of a hole-trans-
porting polymer and electron-transporting molecules, such as
fullerene and perylene, were reported to yield ambipolar con-
duction in FET configuration.[22,29,33] Field-effect mobility val-
ues of up to 10–3 cm2V–1 s–1 have been obtained, but light emis-
sion from such FETs was not observed prior to our report of
the first ambipolar organic LET.[34] In that work, the active
layer consisted of a vacuum-sublimed bulk heterojunction
composed of N,N′-ditridecylperylene-3,4,9,10-tetracarboxylic
diimide (P13) for electron conduction and a-quinquethiophene
(T5) for hole conduction. T5 is known as a good hole-trans-
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porting material,[35] and P13 belongs to a class of perylene de-
rivatives, which are well-studied electron-transporting materi-
als.[36] The molecular structures of T5 and P13 and a schematic
of the device architecture are shown in Figure 1. For reference,
pure devices of T5 and P13 were fabricated, and hole and elec-
tron mobilities of 2.5 × 10–2 and 1× 10–2 cm2V–1 s–1, respective-
ly, were extracted.
The two materials were chosen because the relative positions
of their highest occupied and the lowest unoccupied molecular
orbitals (HOMO and LUMO, respectively) allow exciton
formation and recombination in the material with the smaller
energy gap.[34] The HOMO level of T5 lies at about –5.3 eV[37]
and the LUMO level at about –2.8 eV.[37] The HOMO and the
LUMO levels of P13 are estimated to be ∼ –5.4 and
∼ –3.4 eV,[38] respectively.
Here we demonstrate that the approach of bulk-heterojunc-
tion engineering permits fine tuning of both the electron and
hole mobility, as well as of the electroluminescence (EL) inten-
sity in field-effect devices. By controlled co-evaporation of
T5 and P13, we are able to adjust both the electron and the
hole field-effect mobility over two orders of magnitude
(10–4–10–2 cm2V–1 s–1). The EL intensity is also determined by
the relative concentration of materials and by the structural
features of the bulk heterojunction.
In particular, we are able to identify three different working
regimes of the ambipolar light-emitting field-effect devices by
varying the volume ratio of the constituents of the bulk hetero-
junction. The first regime is obtained for bulk heterojunctions
composed of an excess of T5 and is characterized by ambipolar
electrical conduction and absence of light emission. In the
second working regime, the active layer has a balanced material
composition and exhibits ambipolar electrical properties
accompanied by light emission. For bulk heterojunctions com-
posed of an excess of P13, the third regime is obtained. It is char-
acterized by unipolar electron transport and light emission.
The electronic transport and EL properties of the bulk-het-
erojunction LETs are discussed by investigating the film mor-
phology and recombination processes of the excited states by
means of confocal laser scanning microscopy (CLSM) and
time-resolved photoluminescence (PL) spectroscopy.
2. Results and Discussion
Figure 2 shows the output (Fig. 2a) and transfer (Fig. 2b)
characteristics, with their corresponding EL intensities, for a
bulk-heterojunction LET composed of T5 and P13 in a 1:1 vol-









Figure 1. a) Molecular structure of P13 and T5, and b) schematic cross-sec-









































































Figure 2. a) Output and b) transfer characteristics, showing drain current
(ID) and corresponding EL intensity, of a transistor with a T5/P13 ratio of
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ume ratio. The transistor exhibits a pronounced ambipolar be-
havior in the output and transfer characteristics, as discussed in
detail in a previous publication[34]. From the transfer curves, a
hole mobility of 5 × 10–4 cm2V–1 s–1 and an electron mobility of
1 × 10–3 cm2V–1 s–1 are extracted. In the output characteristics
for negative source–drain voltage, VDS, and gate voltage, VG,
the light output is apparently correlated with the non-saturat-
ing drain current. The highest brightness is achieved for
VG= 0 V and VDS= –50 V, and the intensity decreases with in-
creasing VG. The onset and magnitude correlate well with
the drain current, whereas for positive bias voltages only weak
emission is observed and no obvious correlation with the drain
current seems to exist.
In the transfer characteristics, the EL shows a maximum for
intermediate VG. The position of the maximum shifts with
increasing VDS to larger values of VG, and the intensity
increases with increasing VDS. One would expect that the
maximum occurs at VG= 0.5VDS as there is an equal potential
drop for electron and hole injection, leading to a maximum in
the np product (n: electron density; p: hole density) of injected
charge-carrier densities. According to Langevin recombina-
tion[39] the EL intensity, I, scales as I∝np(ln + lp). The actual
position of the EL maximum is shifted by the threshold volt-
ages of the n- and p-channel transistor operation.
To investigate the influence of the composition of the bulk
heterojunction on the mobility and EL intensity, transistors
with a systematic variation in the T5/P13 volume ratio have
been investigated. The devices with an excess of P13, e.g., those
with T5/P13 ratios of 1:3 and 1:9, exhibit both light emission
and unipolar electron current. Output and transfer characteris-
tics of the transistor with a T5/P13 ratio of 1:3 are shown in Fig-
ure 3, together with its corresponding EL intensity. Although
the output characteristics show no indication of ambipolar
transport, EL occurs for both polarities of VDS. The EL onset
VDS increases with increasing VG, as does the slope, re-
sulting in a crossing of EL curves corresponding to different
values of VG. In the transfer characteristics, the EL maximum
still occurs at about VG=0.5VDS. At first glance, the observa-
tion of EL in a unipolar device seems to be counterintuitive.
However, holes are still injected even though their mobility is
low and their contribution to the overall current is negligible.
According to the Langevin relation, EL occurs if both types of
carriers are injected and at least one of them exhibits a non-
zero mobility.
The devices with an excess of T5, e.g., those with T5/P13 ra-
tios of 3:1 and 9:1, show ambipolar charge-carrier transport,
but no light emission. From the sample with a ratio of 3:1, an
electron field-effect mobility of 9 × 10–4 cm2V–1 s–1 and a hole
field-effect mobility of 3 × 10–3 cm2V–1 s–1 were obtained.
In Figure 4 the extracted mobilities of the different composi-
tions of the T5/P13 bulk heterojunction are depicted. In addi-
tion, the mobilities of pure reference devices has been in-
cluded. Both the electron and the hole mobility decrease
exponentially when the relative concentrations of the electron-
and the hole-transporting material are decreased from 100 to
50%. The electron mobility decreases in this range by one or-
der of magnitude, whereas the hole mobility decreases by
1.5 orders of magnitude. At lower concentrations, the electron
mobility seems to level off, whereas the hole mobility is below
the detection limit. Electron as well as hole mobility, i.e., ambi-
polar transport, on the same sample could only be measured
for devices that had T5/P13 ratios of 1:1 and 3:1. A perfect bal-
ance of the electron and the hole mobility is extrapolated for a
bulk heterojunction with a T5/P13 ratio of roughly 3:2.
Figure 5 compares the EL intensity as a function of the drain
current for devices with different volume ratios at VDS= 0 and







































































Figure 3. a) Output and b) transfer characteristics, showing ID and corre-
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–10 V. The device with a ratio of 1:1 exhibits the steepest slope
and the highest EL intensity at a given current, i.e., the highest
efficiency. Comparing this result with the mobility values from
Figure 4, we see that this ratio also yields the transistor with
the best-balanced electron and hole mobilities. The higher the
P13 content, the lower the EL intensity and the more unbal-
anced the charge-carrier mobilities.
To obtain a better understanding of the properties of the
bulk-heterojunction transistors, the morphology of the films
and the recombination process of the excited states were stud-
ied by means of CLSM and time-resolved PL spectroscopy.
Figure 6a shows the PL spectra (on a logarithmic scale) of
T5, P13, and co-evaporated T5/P13 films. The PL spectra are
measured exciting at 400 nm, where P13 exhibits minimum ab-
sorbance. The film with pure P13 emits in the red with a main
peak at about 690 nm. The sample with a T5/P13 ratio of 1:1
shows a significantly decreased P13 emission and an additional
PL peak from T5 at about 550 nm. The P13 emission almost
vanishes when the T5 content is increased further. Roughly
two orders of magnitude of the PL intensity are lost by reduc-
ing the concentration of P13 from 100 to 25%. Such a dramatic
quenching cannot be justified by the decreased concentration
of P13 in the film alone; rather, it is an indication of exciton
dissociation upon interaction with T5 molecules.
To further investigate the proposed exciton-dissociation pro-
cess, the transient PL decay of films with different P13 con-
tents was measured (see Fig. 6b). The PL dynamics of P13 in
the bulk-heterojunction films strongly depend on the T5/P13
ratio. The decay of pure P13 films is biexponential, with a first
decay time of s1 ≈ 350 ps and a tail with decay time of
s2 ≈ 1.6 ns. The dynamics of the P13 emission in the co-evapo-
rated films with increasing percentages of T5 become ex-
tremely fast, exhibiting decay times up to s1 ≈ 20 ps and
s2 ≈ 100 ps. Such faster decay times are also typical of neat T5
films, which are characterized by H-type aggregation and for
which efficient non-radiative recombination is responsible of
the low PL efficiency. The extracted decay times s1 and s2 as a
function of the heterojunction composition are shown in the
inset of Figure 6b.
The observed PL dynamics and quenching of the P13 emis-
sion can be considered a sign of exciton dissociation by hole
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Figure 4. Electron (filled circles) and hole (filled squares) field-effect mo-
bilities for different bulk-heterojunction compositions. The lines are
guides to the eye.
































Figure 5. EL intensity as a function of the ID for bulk-heterojunction com-
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Figure 6. a) Steady-state PL spectra, and b) PL transients of pure P13, co-
evaporated thin films of T5 and P13 with different amounts of P13, and
pure T5. The inset in (b) shows the extracted decay times assuming biex-
ponential decay. The lines are guides to the eye. Steady-state and time-re-
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transfer to the material with the lower ionization potential
(T5).
An alternative explanation for the observed P13 lifetime
variation, namely, that it is due to energy transfer from P13 to
T5, is to be ruled out because the higher energy gap of T5 with
respect to that of P13 prevents the process from occurring.
The quenching process competes with exciton recombination
and, hence, light emission in bulk heterojunctions. This phe-
nomenon, which is predominant at high T5 concentrations,
explains why FET devices with an excess of T5 show no EL
emission although the transistor characteristics exhibit clear
ambipolar transport.
Further insight into the working mechanism of the device
can be obtained from morphological investigations. Figure 7
shows CLSM micrographs of three different bulk-heterojunc-
tion compositions in the green and red spectral range.[40] This
method to study the morphology and phase composition of the
co-evaporated films was chosen because imaging of such films
by atomic force microscopy (AFM) is problematic, since P13
tends to move on the substrate[41] upon interaction with the
AFM tip. The PL intensity, which is the physical observable in
CLSM, is not sensitive to the mechanical properties of the film.
Moreover, as the PL emission of T5 and P13 are spectrally sep-
arated (T5 peaks at 550 nm and P13 at about 690 nm, see
Fig. 6a), it is possible to image the phase separation in the bulk
heterojunction by selecting the detection windows to match the
emission spectral range of each material. The red and the green
channels monitor the P13 and T5 emission, respectively. Note
that P13 exhibits a considerably higher PL intensity than the
weakly emitting T5.
In Figures 7a,a′, the CLSM micrographs for the red and the
green spectral ranges of the co-evaporated film with a T5/P13
volume ratio of 3:1 are presented. The morphology of the film
is rather inhomogeneous, and the bulk heterojunction is domi-
nated by large T5 clusters ∼ 1 lm in size. In Figures 7b,b′, the
CLSM images of the co-evaporated film with a T5/P13 ratio of
1:1 are shown. The film appears rather smooth even though T5
clusters are still visible in the green channel. By increasing the
P13 percentage further (Figs. 7c,c′), the surface of the bulk het-
erojunction appears very smooth, with T5 forming tiny and
quite homogeneously distributed clusters in the film.
From the CLSMmicrographs, it can be concluded that T5 and
P13 do not mix on a molecular scale in the co-evaporated thin
films, but form an interconnected network of micro- and nano-
crystalline clusters. In particular, the tendency of T5 to form clus-
ters is in good agreement with the observation of thin-film T5 PL
spectra in co-evaporated films rather than solution spectra.[42]
Comparing the CLSM information with the electrical charac-
teristics of the bulk-heterojunction LETs with varying compo-
sitions of T5 and P13 allows some conclusions on the micro-
scopic structure of the heterojunction and the resulting current
percolation to be made. A relative content of 25% of P13 is
sufficient to obtain a continuous path for electrons, resulting in
a measurable electron mobility. An equivalent content of T5 is
not enough to achieve comparable hole conduction. This can
be explained by the different growth mechanisms of the two
materials. As T5 tends to form clusters, it is very likely that the
percolation threshold to create a continuous pathway for holes
is larger than 25%. In contrast, for the highly surface-mobile
P13 molecules, we conclude that the percolation threshold is
lower than 25%. Thus, even diluted concentrations of P13 lead
to continuous pathways for electrons in the bulk heterojunc-
tion. As a result of the cluster formation, it can be concluded
that whether charge separation or light emission is the predo-
minant phenomenon in the T5/P13 bulk heterojunction de-
pends critically on the ratio and dispersion of the two compo-
nents in the bulk heterojunction.
3. Conclusion
In conclusion, we have presented an ambipolar light-emitting
FET based on co-evaporated bulk heterojunction thin films of
hole-transporting (T5) and electron-transporting (P13) materi-
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Figure 7. CLSM micrographs of the co-evaporated thin films with different
T5/P13 ratios of 3:1 (a,a′), 1:1 (b,b′), and 1:3 (c,c′). The images in (a–c)
show the red P13 emission, the images in (a′–c′) show the green channel
(T5 emission). The intensity of the red channel in (a) is intensified by a
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als. The electron and the hole mobility, as well as the EL prop-
erties, can be tuned over a wide range by changing the compo-
sition of the thin film. The highest EL efficiency is obtained in
the samples with equal concentrations of T5 and P13, which
also exhibit the most balanced electron and hole mobilities. A
higher concentration of T5 results in non-light-emitting but still
ambipolar FETs. Time-resolved PL spectroscopy revealed that
light emission is quenched in devices with an excess of T5 ow-
ing to the dissociation of P13 excitons upon interaction with T5
molecules. On the other hand, a lower concentration of T5 re-
sults in unipolar n-channel FETs, which are still light-emitting.
This is a result of the T5 cluster formation, as revealed by
CLSM.
This demonstrates that the bulk-heterojunction approach,
which is widely used in organic photovoltaic cells, can be suc-
cessfully employed to select and tailor the functionality of
field-effect devices, including ambipolar charge transport and
light emission. By carefully choosing the electronic properties
of the molecular systems used to form the bulk heterojunction,
their main functionality can be selected to be either photovol-
taic or light-emitting.
4. Experimental
Device Fabrication: A heavily doped, n-type Si wafer (doping level:
1018 cm–3) with an aluminum back contact acted as the gate electrode
and substrate. The gate insulator consisted of a thermally grown SiO2
layer with a thickness of 150 nm. Prior to processing, the oxidized
wafer was cleaned with a standard wet-cleaning procedure, comprising
ultrasonic cleaning in acetone and isopropanol. The organic thin-film
bulk heterojunction, with a thickness of about 50 nm, was prepared by
co-evaporation of T5 and P13 with variable volume ratios. Samples
with T5/P13 ratios of 1:3, 1:1, 3:1, and 9:1 have been presented.
The base pressure during the vacuum sublimation of T5 and P13 was
2× 10–7 mbar (1 mbar= 102 Pa), and the deposition rate was kept con-
stant at 0.1 Å s–1 for each material. The different volume ratios of T5
and P13 were obtained by reducing the flux of one of the components
on the substrate with a mechanical chopper. The indicated relative con-
centrations of the two materials are nominal; small variations between
different depositions could have occurred.
Source and drain Au contacts were thermally evaporated through a
shadow mask with a thickness of about 40 nm. The channel length and
width of the FET device were 40 and 55.1 mm, respectively.
Electrical Measurements: For electrical characterization, the devices
were transferred through air into an argon glove box (< 1 ppm O2,
H2O). The transistor output and transfer characteristics, as well as the
photocurrent, were measured with an Agilent 4155C semiconductor
parameter analyzer. The mobility values were extracted from the satu-
rated drain current depicted in the transfer characteristics.
Photoluminescence Imaging and Spectroscopy: CLSM was per-
formed with a Nikon Eclipse 2000-E microscope by exciting the sample
with the 488 nm Ar+ laser line. The images were recorded by collecting,
point by point, the PL intensity excited by scanning the laser over the
sample surface. PL-intensity detection was performed in two spectral
ranges, which enabled the PL emission of T5 and P13 to be monitored
separately. The first spectral range was centered at 515± 20 nm (green
channel), and the second at wavelengths greater than 600 nm (red
channel). The two spectral ranges were recorded with different amplifi-
cations to compensate the low PL efficiency of T5, its low absorption at
488 nm, and the smaller spectral detection window for the T5 emission
range (green channel).
PL emission for time-resolved and steady-state measurements was
excited by the second harmonic (400 nm) of a Ti:sapphire laser deliver-
ing 100 fs pulses. The signal was recorded by a Hamamatsu streak cam-
era with ∼ 2 ps time resolution.
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